The role of maternal infections, nutritional status and obstetric history in low birth weight is not clear. Thus, the objective of the present study was to assess the effects of maternal HIV infection, nutritional status and obstetric history, and season of birth on gestation length and birth size. The study population was 1669 antenatal care attendees in Harare, Zimbabwe. A prospective cohort study was conducted as part of a randomised, controlled trial. Maternal anthropometry, age, gravidity, and HIV status and load were assessed in 22nd-35th weeks gestation. Outcomes were gestation length and birth size. Birth data were available from 1106 (66·3 %) women, of which 360 (32·5 %) had HIV infection. Mean gestation length was 39·1 weeks with 16·6 % , 37 weeks, mean birth weight was 3030 g with 10·5 % ,2500 g. Gestation length increased with age in primigravidae, but not multigravidae (interaction, P¼ 0·005), and birth in the early dry season, low arm fat area, multiple pregnancies and maternal HIV load were negative predictors. Birth weight increased with maternal height, and birth in the late rainy and early dry season; primi-secundigravidity, low arm fat area, HIV load, multiple pregnancies and female sex were negative predictors. In conclusion, gestation length and birth weight decline with increasing maternal HIV load. In addition, season of birth, gravidity, maternal height and body fat mass, and infant sex are predictors of birth weight.
Women in developing countries are exposed to inadequate dietary intake, frequent reproductive cycles, infectious diseases and hard physical work. In addition to detrimental effects on their own health, these conditions may be responsible for the high incidence of low birth weight in developing countries (de Onis et al. 1998) . Low birth weight is a major determinant of child morbidity and mortality (Ashworth, 1998) , and may even increase the risk of infectious and chronic diseases in adolescence and adulthood (Moore et al. 1999; Barker et al. 2001; McDade et al. 2001) . Since both the determinants and effects of low birth weight depend on whether it is due to preterm delivery or intra-uterine growth retardation (Kramer, 2003) , it is important to control for gestation length when studying low birth weight.
As part of a randomised, controlled multimicronutrient supplementation trial, we examined the role of maternal HIV infection and anthropometry, obstetric history and season on gestation length and birth size, with an aim of contributing towards an improved understanding of the causes of low birth weight. Baseline data on micronutrient status (Friis et al. 2001a,b) , body composition (Friis et al. 2002b) and HIV viral load (Friis et al. 2003) have previously been reported, as have data on the effect of multimicronutrient supplementation on gestation length and birth size (Friis et al. 2004 ).
Subjects and methods

Study area and population
The present study was conducted in the residential area of Mbare in Harare, Zimbabwe, in 1996-97 as part of a randomised, controlled multimicronutrient trial. Harare is 1500 m above sea level and has a tropical climate with mean daily minimum and maximum temperatures of 12 and 258C, respectively. There are four main seasons: early (June to August) and late (September to November) dry, and early (December to February) and late (March to May) rainy. The common diet is maize-meal porridge taken with vegetables and occasionally meat. Unemployment is very high in Mbare, especially among women, and most of those employed are general labourers. Malaria is not endemic in the study area because of the high altitude, but most women often return to their rural homes outside Harare, where malaria transmission may occur.
Women registering for antenatal care at the Edith Oppermann Maternity Hospital (EOMH) were informed about the present study, and those between 22 and 36 weeks gestation were offered inclusion. Women were informed about HIV testing and counselled before giving their written consent to participate. Counselling was provided by a nongovernmental organisation, AIDS Counseling Trust. HIV results were made available within 2 weeks, when those willing to know their results were post-test counselled. A questionnaire was administered, and a clinical examination and blood sampling were done. A research nurse obtained demographic data, and medical and obstetric history. Gestational age was calculated from the first day of the last menstruation, or estimated by fundus height.
Permission was obtained from the ethical and scientific committees of the Medical Research Council of Zimbabwe, Harare City Health Department and the Ministry of Health. The Danish Central Medical Ethics Committee also approved the present study. Women were pre-test counselled before giving written consent. The national Ministry of Health recommendations were adhered to when giving women information on breast-feeding. Women found sick during clinical examination were referred for treatment at the EOMH or Harare Central Hospital.
Anthropometric examinations of the mother
Clinical examination of the mother was done as part of antenatal care. Heights were measured to the nearest 0·1 cm and weights to the nearest 0·1 kg, with the women barefooted and wearing light clothing. Mid-upper-arm circumference was measured to the nearest 0·1 cm, and triceps skinfold thickness to the nearest 0·1 mm on the right arm. Based on arm circumference and triceps skinfold thickness, the arm muscle area and arm fat area were calculated, as described previously (Friis et al. 2002b) .
HIV infection and malaria
Venous blood was collected between 09.00 and 12.00 hours at recruitment. Blood was collected in EDTA tubes (5 ml) and in plain tubes (5 ml). The samples were placed in ice-cooled insulated boxes immediately after collection and were delivered to the laboratory within 4 h. Thick and thin blood slides were made for malaria parasitaemia. Serum was separated and stored in liquid N 2 at 2 1968C until tested for HIV. Samples found negative with the Genelavia Mixt (Sanofi, Marnes La Coquette, France) HIV-1/2 enzyme immuno assay kit were reported negative. Positive and indeterminate samples were further tested using the Recombigen HIV-1/2 (Cambridge Biotech Ltd., Galway, Republic of Ireland) enzyme immuno assay with different antigens from the Genelavia kit. Samples positive or indeterminate with the Recombigen kit were tested at the Department of Clinical Chemistry, Aalborg University Hospital, Denmark, using a modification of an in-house developed RT-PCR (Krarup et al. 1998) .
Birth records
Infants delivered at the EOMH were weighed, and length and head circumference were measured, within 72 h. The birth weight was determined to the nearest 0·01 kg using a Sohnle baby scale (Sohnle, Murrhardt, Germany). When study participants did not deliver at the EOMH or were not examined by the research team, routine birth records were used.
Statistical analysis
The distribution of the continuous outcome variables conformed to normality as assessed by normal probability plots. The two-sample t test and the x 2 test were used to test for differences in means and proportions, respectively. The outcome variables were measurements of gestation length and birth size, i.e. birth weight, birth length and head circumference. Based on these variables, the ponderal index (birth weight (kg)/length (m)
3 ), preterm delivery (gestation length , 37 weeks), birth weight , 2500 g and intra-uterine growth retardation -low birth weight (defined as gestation length . 37 weeks and birth weight , 2500 g) were computed. All singletons and the first-born of twin pregnancies were included in the analysis.
Multiple linear and logistic regression analyses were used to assess and estimate the statistical effects on gestation length and birth size of season of birth, maternal age and gravidity, height, arm muscle and fat area, malaria parasitaemia, HIV status and viral load. In addition, twin pregnancies and infant sex were also included. The effect of micronutrient supplementation was controlled for.
HIV-uninfected women were assigned an HIV load of 0, before log 10 (x þ 1) transformation. Continuous variables were subtracted from the mean value, to let the intercept reflect the mean of the outcome variable among women falling into all reference categories and with mean values of all continuous variables. Dummy variables were used to assess the statistical effect of categorical variables or continuous variables where the relationship was not linear. When doing so, missing values were included as a separate category. When interactions were identified, then terms were computed to allow estimation of the statistical effect of one of the variables separately for each level of the effect-modifying variable. Variables with P, 0·10 were retained in the models, but only reported as significant if P, 0·05.
Residual analysis was performed by assessing normal plots, and by plotting standardised residuals against predicted values and continuous independent variables.
Results
Birth records were available for 1106 (66·3 %) of the 1669 women recruited. As seen in Table 1 , there were no differences in age, anthropometric measurements, gestational age and HIV prevalence among the 1106 women on whom birth anthropometry data were available, compared with the 563 women on whom data were not available, but the proportion of primigravidae was higher. The analysis included 1094 (98·8 %) singletons and the first-born of twelve pairs of twins. Of these 1106 neonates, ten (0·9 %) were stillborn. Only twenty-two (2·0 %) of the 1106 deliveries were by caesarean section, mainly emergency sections due to pre-eclampsia or fetal distress. Mean gestation length was 39·1 weeks with 184 (16·6 %) , 37 weeks, mean birth weight was 3030 g with 116 (10·5 %) , 2500 g and 538 (48·6 %) , 3000 g, and sixty-six (6·0 %) were , 2500 g, but . 37 weeks (intra-uterine growth retardation -low birth weight).
HIV infection, anthropometry and other predictors
Of the 1106 mothers, 360 (32·5 %) had HIV infection and five (0·5 %) had malaria parasitaemia at inclusion. There were no differences between HIV-uninfected and -infected women in respect of stillbirths (six (0·8 %) v. five (1·5 %); P¼ 0·38) and caesarean sections (seventeen (2·4 %) v. five (1·5 %); P¼ 0·31) (data not shown). However, as seen in Table 2 , children born to HIV-infected mothers were born after 0·4 (95 % CI 0·05, 0·8) weeks shorter gestation, and had 88 (95 % CI 29, 147) g lower weight and 0·5 (95 % CI 0·2, 0·9) cm shorter length at birth compared with children of uninfected mothers, whereas there were no differences in ponderal index and head circumference. Similarly, maternal HIV infection was associated with a 46 % (relative risk 1·46 (95 % CI 1·12, 1·91)) increased risk of preterm delivery, and a 74 % (relative risk 1·74 (95 % CI 1·23, 2·46)) increased risk of birth weight , 2500 g. The risk of birth weight , 3000 g and intra-uterine growth retardation -low birth weight was not significantly increased (Table 3) .
The effects of HIV infection and other predictors on gestation length and birth size were assessed in multiple linear and logistic regression analysis, and are shown in Tables 4 -8.
Gestation length
An interaction was revealed between age and gravidity (P¼ 0·005) on gestation length. The interaction identified was due to an increasing gestational age at delivery with increasing age in primigravidae (0·14 (95 % CI 0·1, 0·2); P¼ 0·002), but neither in gravidae 2 (0·05 (95 % CI 2 0·06, 0·15); P¼ 0·37), 3 (2 0·006 (95 % CI 2 0·10, 0·09); P¼ 0·91) nor 4þ (2 0·02 (95 % CI 2 0·11, 0·08); P¼ 0·71). In Table 4 , the effect of age was therefore estimated separately for primigravidae and gravidae 2þ . Since the difference in length of gestation between gravidae 1 and 2þ thus depends on age of comparison, it was estimated at mean age 24 years. As seen, the mean gestation length was 0·6 weeks longer in infants of primigravidae compared with gravidae 2 þ . At age 32 years, the difference was 1·7 (95 % CI 0·6, 2·9) weeks (data not shown).
Season of birth was a predictor, as those born in the early dry season had a 2·3 (95 % CI 1·7, 2·8) weeks shorter gestation than those born in the late rainy season. Maternal arm fat area was also a strong predictor of gestation length. The adjusted R 2 was highest with arm fat area included as dummy variables, using values above the mean of 20 cm 2 as reference. Mothers with arm fat areas , 10 cm 2 and between 10 and 20 cm 2 delivered after 1·5 and 0·6 weeks, respectively, shorter gestation. In contrast, there was no difference in gestation length of women with arm fat areas between 20 to 30 cm 2 and . 30 cm 2 (data not shown). Twin pregnancies were associated with 1·8 weeks shorter gestation, but these estimates were based on only twelve pairs of twins. Sex of the offspring was not a predictor (0·04 (95 % CI 2 0·32, 0·40); P¼ 0·83) of gestation length, nor was maternal height, arm muscle area, and malaria and Hb.
Maternal HIV load was a predictor of gestation length. Using dummy variables based on viral load categories (, 3, 3 -4, 4 -5 and . 5 log 10 (geq/ml)), none was associated with gestation length (P. 0·07), but the regression coefficients decreased linearly, i.e. 2 0·11, 2 0·27, 2 0·49 and 2 0·75 (linear trend, P¼ 0·02). In the model presented in Table 4 , the effect of viral load as a continuous variable is estimated, after log(1 þ geq/ml) transformation. The regression coefficient of 2 0·1 reflects the decline in gestation length (weeks) per log increase in HIV load. The intercept of the model (Table 4) was 40·9 weeks, which is the mean gestation length among HIV-uninfected primigravidae at age 24 years, with greater than 20 cm 2 arm fat area, delivering singleton babies in the late rainy season.
A similar model was developed in logistic regression using preterm delivery as the dependent variable Variables assessed were season of birth, maternal height and arm muscle and fat area, age, gravidity, multiple pregnancies, infant sex, maternal malaria, and HIV status or viral load. Gestational age at inclusion was adjusted for (not shown). † Reference categories were late rainy season, arm fat area . 20 cm 2 , gravida 1, singletons. ‡ The effect of age was significantly different between gravidae 1 and 2 þ (interaction, P¼ 0·005). § The effect of gravidity estimated at mean age 24 years, using gravida 1 as reference category. k Maternal HIV load expressed as genome equivalents (geq/ml) and log 10 (1 þ geq/ml)-transformed. HIV status was indeterminate in twenty-one women. , gravida 1, singletons. ‡ The effect of age was significantly different between gravidae 1 and 2þ (interaction, P¼ 0·006). § The effect of gravidity was estimated at age 24 years. k Maternal HIV load expressed as genome equivalents (geq/ml) and log 10 (1þgeq/ml)-transformed. HIV status was indeterminate in twenty-one women.
( Table 5 ). Early dry season of birth was associated with a three times increased risk of preterm delivery, and arm fat area , 10 cm 2 with a four times increased risk. In primagravidae, the risk of preterm delivery decreased with increasing age, whereas this was not the case in gravidae 2 þ (interaction, P¼ 0·006), resulting in an almost twice as high risk in gravidae 2þ among 24-year-old women. Maternal HIV load increased the risk of preterm delivery by 48 % per log increase.
Birth weight
Compared with the late dry season, birth weights were 78 and 114 g lower in the late rainy and early dry seasons, respectively. Maternal height was a strong predictor of birth weight, in that birth weight increased by 12 g per cm increase in height (Table 6 ). If assessed using dummy variables based on quintiles and the upper quintile as reference, then birth weight was found to be 163, 127, 83 and 22 g lower in the four lower quintiles (data not shown). Arm fat, but not muscle, area was a positive predictor of birth weight. Infants of mothers with arm fat areas , 10 cm 2 and between 10 and 20 cm 2 had 206 and 77 g lower weights, respectively, than those of mothers with arm fat areas . 20 cm 2 . In contrast with the case for gestation length, gravidity was an independent predictor of birth weight, whereas age was not a predictor (interaction, P¼ 0·18). Thus, infants of gravidae 1 and 2 had 204 and 128 g, respectively, lower mean birth weights than infants of gravidae 3þ . Twin births were associated with 539 g lower birth weights, and female sex was associated with 123 g lower birth weight.
While a positive HIV status of the mother was associated with a 110 (95 % CI 40, 160) g (P¼ 0·0004) lower mean birth weight of her child, birth weight declined with increasing viral load; viral loads , 3, 3 -4, 4 -5 and . 5 log 10 (geq/ml) were associated with 40, 89, 128 and 181 g lower birth weights compared with infants of uninfected mothers. It should be noted that the effects of high HIV load were underestimated with arm fat area in the model. Without low arm fat area in the model, then the effects of the two upper categories would be estimated at 143 and 207 g.
Maternal age, arm muscle area, Hb and malaria parasitaemia were neither predictors nor confounders of birth weight. The intercept of the model shown in Table 6 was 3331 g, reflecting the mean birth weight among 2 , gravida 3þ , singletons, male infant sex, HIV uninfected. ‡ Heights were subtracted from the mean height of 161 cm. § Viral load expressed as genome equivalents (geq/ml) and log 10 (1 þ geq/ml)-transformed. Linear trend, P¼0·0003. HIV status was indeterminate in twenty-one women. (n 637) 1·71 1·08, 2·70 0·02 Gravidity † Gravida 1 (n 411) 2·37 1·37, 4·11 0·002 Gravida 2 (n 695) 1·89 1·06, 3·35 0·03 Twin pregnancy (n 12) † 10·90 3·15, 36·7 0·0002 HIV load (log 10 (1 þ geq/ml)) † ‡ , 3 (n 53) 1·40 0·55, 3·53 0·48 3-4 (n 143) 1·63 0·89, 3·00 0·12 4-5 (n 135) 2·76 1·60, 4·75 0·0002 5þ (n 29) 1·95 0·69, 5·52 0·21 * Nagelkerke R 2 0·11. Variables assessed were season, maternal arm muscle and fat area, age, gravidity, multiple pregnancies, infant sex, HIV status and viral load. † Reference categories were late dry season, height . 161 cm, arm fat area . 20 cm 2 , gravida 3þ , singletons, HIV uninfected. ‡ Viral load expressed as genome equivalents (geq/ml) and log 10 (1 þ geq/ml)-transformed. Linear trend, P¼0·0004. HIV status was indeterminate in twenty-one women. 161 cm tall, HIV-uninfected, gravidae 3þ delivering male singleton babies after conceiving in the late dry season. Including gestation length (regression coefficient (B) ¼ 0·045 (95 % CI 0·035, 0·054); P, 0·00001) in the model increased adjusted R 2 from 0·14 to 0·22. The effect of early dry season disappeared, as its effect apparently was mediated through gestation length. All other predictors remained significant, although the effects of arm fat area, multiple pregnancies and HIV infection slightly declined.
The same variables were predictors of birth weight , 2500 g (Table 7 ), with the exception that female sex was not significant (odds ratio 1·32 (95 % CI 0·87, 1·99)). As expected, since gestation was longer in primigravidae, the effect of gravida 1 increased when gestation length was controlled for (not shown).
Birth length and head circumference
Height, arm fat area, gravidity, multiple pregnancy, female sex and HIV infection were predictors of birth length (Table 8) , whereas season was not. Furthermore, the effect of HIV infection did not increase with HIV viral load. In contrast, HIV infection was not a predictor of birth head circumference (2 0·09 (95 % CI 2 0·32, 0·14); P¼ 0·43). Neonates of gravidae 1 -2 had a 0·30 (95 % CI 2 0·07, 2 0·53) cm lower head circumference than gravidae 3þ , but in contrast with weight and length, there was no difference between gravidae 1 and 2 (2 0·29 v. 2 0·32 cm). Arm fat area , 20 cm 2 was a predictor of head circumference, but only marginally significant.
Discussion
We have previously reported, based on data from our study, that a daily multimicronutrient supplement increases gestation length and birth weight, independently of season, gravidity, anaemia and infant sex (Friis et al. 2004) . In the present paper we report the effect of other independent predictors. Height was a positive predictor of birth weight, while early dry season of birth, primigravidity, twin pregnancy, female infant sex, low maternal body fat mass and HIV load were all negative predictors of birth size. Controlling for gestation length explained the effect of season, but had only little effect on the other predictors, suggesting that their effects are mediated by fetal growth.
Season, obstetric history and anthropometry
Birth in the early dry season was a strong determinant of shorter gestation, which was accompanied by a lower birth weight. It is not clear which correlates of early dry season explain the shorter gestation. In The Gambia, a 2 -300 g birth-weight deficit was seen in the wet season, which was preceded by both malarial morbidity, shortage of food, as well as hard physical work (Prentice et al. 1987) . In Zimbabwe, the early dry season follows the harvest season and precedes the planting season, so it is neither characterised by food shortage nor hard physical work. It is the coldest time of the year, especially in Harare given the high altitude.
Malaria infection is a major cause of both premature delivery and intra-uterine growth retardation in many developing countries (Steketee, 2003) , but was not endemic in the present study population. Data from the Dutch famine have convincingly shown that maternal malnutrition in the third trimester, but not earlier in gestation, reduces birth weight (Lumey, 1998) . However, the differences between seasons with regard to food intake in this urban population is considered to be modest. Besides, neither maternal body composition nor micronutrient status explained the effect of season.
Gestation length increased with maternal age, but only in primigravidae. This led to a 0·5 week longer gestation in primigravidae compared with gravidae 2þ at age 24 years, and almost 2 weeks longer gestation among women in their early thirties, a difference that is in accord with lay knowledge that primigravidae often deliver after term. In contrast, the effects of gravidity on birth weight were independent of age. Thus, despite their longer gestation, primigravidae have offspring with 204 g lower mean birth weights than gravidae 3þ .
Maternal height was a predictor of birth weight, but not of gestation length. Since maternal heights were similar to that of US women (Hediger et al. 1994) , and effects were seen across the whole range of heights, it is probably due to genetic disposition rather than maternal stunting. Low maternal arm fat area, a proxy of body fat mass, was associated with shorter gestation and lower birth weight. The low arm fat area may reflect a low pre-pregnancy body fat mass, as well as inadequate deposition of fat during pregnancy. The finding is in accordance with research that found pre-pregnancy body composition (Neggers & Goldenberg, 2003) , as well as pregnancy skinfold thickness (Neggers et al. 1992; Hediger et al. 1994 ) and maternal fat intake (Rao et al. 2001) , to be positively associated with birth weight. We found a threshold effect, as there were only effects below the population mean of 20 cm 2 , and this may explain why no relationship was found in studies from affluent populations (LanghoffRoos et al. 1987) .
The sexual dimorphism in man with regard to fat stores is unique (Norgan, 1997) , and the larger body fat mass in women seems to play a critical role in reproduction. Fertility is reduced among women with a low body fat mass compared with those with a normal fat mass (Zaadstra et al. 1993) . This is advantageous, as energy is needed to sustain the growing fetus. In addition to the requirement for adequate pre-pregnancy fat stores, additional fat is deposited during pregnancy to further sustain the fetus during the latter part of pregnancy and the offspring during lactation (Institute of Medicine, 1990) . It is generally assumed that the increasing body fat mass in women of reproductive age is due to postpartum fat retention, i.e. inadequate postpartum metabolisation of fat deposited during pregnancy. However, we have recently suggested that it is due to increased fat deposition with age, precipitated by the first pregnancy, rather than the cumulative retention of pregnancy weight gains (Friis et al. 2002a) . It may be advantageous to have a small baby at the end of the first pregnancy, where the birth canal is narrower. If the mother then starts depositing fat after the first pregnancy, this may result in increased fertility as well as longer gestation and higher birth weight of subsequent infants, where this is associated with increased infant survival without the same risk of obstructed labour (Zaadstra et al. 1993) . In fact, the duration of labour is considerable longer in primi-compared with multiparous women, despite the higher birth weight in the latter.
HIV infection
It is well documented that maternal HIV infection is a risk factor of preterm delivery and intra-uterine growth retardation (Castetbon et al. 1999; Ayisi et al. 2003) , in particular if symptomatic (Dreyfuss et al. 2001) . Pregnant women with HIV infection usually have asymptomatic infection with relatively low viral loads, probably because advancing infection reduces fertility and increases fetal loss (Gray et al. 1998; Glynn et al. 2000) . Nevertheless, we found that birth weight declined with increasing viral load. Gestation length also declined with increasing HIV load, similar to what was reported by O'Shea et al. (1998) . However, the effect on gestation length did not explain the effect on birth weight. Women with viral load . 5 log had infants with birth weights almost 200 g lower than uninfected women. Part of the effect of HIV on birth weight was mediated by effects on maternal body fat mass. Since this was not due to an acute-phase response (data not shown) it may be that increased energy intake during pregnancy will prevent the effect of HIV on birth weight.
Conclusion
The high prevalence of low birth weight in developing countries is due to a complex of determinants. Low maternal body fat mass, probably due to both low pre-pregnancy fat stores and inadequate deposition during pregnancy, is preventable and hence of greatest importance.
